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ABSTRACT 
An experimental study of changes i n  the e l ec t r i ca l  characterist ics 
and c e l l  surface temperatures of CdS solar ce l l s  was performed. 
experiments showed tha t  ce l l s  maintained a t  25" C and open c i r cu i t  load 
The 
degraded i n  shunt resistance and e l ec t r i ca l  output when exposed t o  air- 
mass-one illumination (100 m/cm ) for?. periods up t o  hundreds of hours, 2 
The ce l l s  a l so  developed hot spots. 
biases, with current flow of 0.5 t o  1.0 ampere, degraded i n  a similar 
manner and developed hot spots i n  only a f e w  minutes time. The nature 
Cells subjected t o  dark forward 
of the  degradation i n  both cases suggests t he  formation of localized 
shorting paths across the barr ier .  
produced 1) by reverse biasing the  c e l l s  i n  the  dark, 2)  by excision of 
Recovery of c e l l  performance was 
hot  spot regions of t he  c e l l ,  or 3) by storage of the  ce l l s  i n  the  dark. 
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An experimental study of ehnges in  the e l ec t r i ca l  character is t ics  
and c e l l  surface temperatures of degraded CdS solar ce l l s  was performed. 
The CdS solar cel la  were degraded i n  the dark by apply- a forward 
bias,  and i n  the l igh t  by leaving the cel ls  a t  open c i rcu i t ,  Changes in 
c e l l  surface temperature were monitored during and a f t e r  degradation by 
means of an infrared viewing device and by temperature sensLtive l iquid 
crystals  , 
The experiments have shown tbt ce l l s  maintained a t  25" C and T e n  
c i rcu i t  load degrade i n  shunt resistance and develop hot spots when 
exposed 'co air-wss-one i l l w i n a t i o n  (100 m/cm ) for  periods up CO 2 
hundreds of hours. The shunt resistances of the four ce l l s  tes ted  were 
reduced by 50 t o  95 percent after 260 hours of illumination. Reductiops 
of 20 to 50 peroent i n  maximm power ana 5 t o  10 percent i n  open c i rcu i t  
voltage were also observed. The short vireui t  current was  l ea s t  affected 
by the t e s t ,  showing reduqliions of l e s s  than 5 percent. 
Accelerated degradatiQn of cells was produced by subjec'cing the  
c e l l s  to dark forward biases with a current flow of 0.5 t o  1.0 ampere 
for several minutes. Cells degraded i n  t h i s  mmer showed reductions in 
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shunt resistance, maximum power, and open c i rcu i t  voltage, similar t o  
ce l l s  degraded by constant illumination. The degradation under forward 
b ia s  was a l so  associated with the  appearance of hot spots on the c e l l  
surface. 
Cell  recovery w a s  produced 1) by applying dark reverse bias ,  
2 )  by excision of hot spot regions of t h e  c e l l ,  or 3) by storage of 
the  ce l l s  i n  the  dark. As  the  c e l l  output recovered, the  hot spots 
disappeared and the  shunt resistance increased. 
INTRODUCTION 
Thin-film cadmium sulfide (Cas) solar ce l l s  are  currently being 
tes ted  i n  simulated space environments t o  determine the  performance over 
long periods of time i n  space ( re f .  1). From t he  inception of the  t e s t -  
ing program, the  CdS ce l l s  have been observed t o  degrade in  performance 
during these long term cycling t e s t s ,  The reasons for the degradation 
have not been determined. A determination of t he  causes of degradation 
has been hampered by the length of t he  t e s t s  and the  inaccessibil i ty of 
the ce l l s  during the t e s t s .  
Tests under other conditions, not necessarily pertinent t o  the  
space applications, are being made, These tests are made t o  identify 
weaknesses i n  the  c e l l s ,  and ultimately t Q  determine whether they are  
re la ted t o  the degradation i n  the  simulated space t e s t s ,  
found t o  degrade rapidly under constant illumination a t  open c i rcu i t  
Cells have been 
voltage i n  air. Greater degradation was observed when ce l l s  were loaded 
at  open c i rcu i t  voltage than when loaded at the  more normal condition of 
maximum power ( re f .  2 ) .  Also, hot spots have been observed on ce l l s  with 
-3- 
an infrared viewing device when unilluminated c e l l s  were biased in the  
forward (capper sulf ide posit ive) and reverse directions (ref. 3 ) .  It 
was of interest  to determine whether the  hot spots were related .to 
changes in c e l l  e l ec t r i ca l  characterist  icg . 
Therefore, an experimental study was  i n i t i a t ed  t o  examine the  
temperature patterns on the c e l l  surface and the e l ec t r i ca l  performance 
under various tes t ing  conditions. 
constant illumination a t  open circui t  voltage and under no illumination 
at  several values of bias voltage. In t h i s  report a re  described the  
changes i n  e l ec t r i ca l  performance and observed temperature patterns. 
The ce l l s  were tes ted  in  a i r  under 
SYMBOLS 
AM1 A i r  Mass One, the  spectral  dis t r ibut ion and intensi ty  of 
sunlight on ear th  at sea level  with the  sun d i rec t ly  over- 
AM0 
ISC 
pM 
I-v 
RSH 
head and passing through g standard atmosphere. 
A i r  &ss Zero, the  spectral  dis t r ibut ion and intensi ty  of 
sunlight i n  near-earth space without atmospheric attenuation. 
Short c i rcu i t  current , ampere. 
Current -voltage. 
Maximum power, watt. 
Shunt resistance,  ohm. 
APPARATUS 
Solar C e l l  T e s t  Apparatus -- This apparatus consists of a water 
f i l t e r e d  tungsten l igh t  source, a temperature-controlled block w i t h  
vacuum openings to hold ce l l s  i n  place, and an electronic load which 
varies the load across the c e l l  from Voc t o  Isc. 
used t o  record the I - V  curve, The tungsten source i s  adjusted during 
An X-Y p lo t te r  was 
I-V measurements, by means of a CdS, airplane flown, standard (ref.  4 ) ,  
t o  i r rad ia te  the  control block surface a t  a one solar constank (136 mw/cm ) 
intensity level. 
solar constant and the estimated l igh t  uniformity over the t e s t  plane i s  
+2 percent. Based upon an analysis-of-variance skudy (ref.  2), the  
and P are  21.3 mv, 22.1 ma,  and standard deviations of the Voc, Isc, 
22.8 mw, respectively. 
2 
The intensity is reproducible t o  20.3 percent of one 
M 
Transistor Curve Tracer -- This instrument was used t o  bias the ce l l s ,  
The applied voltage across the c e l l  is swept from zero t o  a preselected 
peak voltage at  a frequency of 120 hertz. The instrument contains a 
cathode ray tube which displays the I-V characterist ic while the cell. 
is under bias. 
Infrared Viewing Device -- The infrared device used t o  view tsmpera- 
tu re  changes on the c e l l  surface i s  shown i p  figure 1. The f i e ld  of view 
of the camera is  5" by 5' and the display unit frame s ize  i s  42 mm by 
54 mm. Spatial  resolution of the display i s  0.5 mm and the thermal re- 
solution i s  about 0.2' C ( ref .  5). 
a thermogram, is obtained using a photographic camera fo r  a permwent 
record of t he  image. 
A photograph of the display, called 
Temperature Sensitive Liquid Crystals -- Changes in  the temperature 
distribution of c e l l  surfaces were also detected with cholesteriq l iquid 
crystals sensit ive in  the 40" t o  42" C temperatare range. 
produced crystals were applied in  the form of a th in  fib using an a i r  brush, 
The commercially 
-5- 
A description of the properties and uses of the l iquid crystals  is  given 
in  reference 6. 
Unilluminated Tests 
Unilluminated forward and reverse bias t e s t s  of the CdS solar ce l l s  
were made on approximately twelve c e l l s  manufactured in  April and May of 
1968 ( re f .  7). 
and were photographed for  record. 
of the  ce l l s  were monitored w i t h  the  infrared viewing device as well as 
with l iquid crystals.  
spots on the  ce l l s  were resolved to about 50 p. 
The I-V characterist ics were displayed on the curve t racer  
During biasing, the  temperature patterns 
By varying the  bias and using a microscope, hot 
Illuminated Tests 
The CdS c e l l s  tes ted under constant illumination were randomly 
Three of t h e  four selected from ce l l s  produced in  September, 1968. 
c e l l s  tes ted had not been tes ted previously except for the  measurement 
of the I -V  characterist ic at  the time of fabrication. Since fabrication, 
the ce l l s  had been kept i n  dry, dark storage, The fourth c e l l  had been 
tes ted,  under constant illumination while open circuited,  for about s i x  
days i n  an ea r l i e r  experiment, 
Prior t o  the  constant illumination t e s t s  reported here, the following 
measurements were made on the four cel ls .  The dark I -V  characterist ic 
was  measured between 4-200 ma and -25 ma. The temperature distribution of 
the ce l l s  was  checked w i t h  the  temperature viewing device during the dark 
measurement and while the ce l l s  were illuminated with simulated sunlight 
of AM0 intensity,  The illuminated temperature check w a s  made w i t h  the  
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ce l l s  held momentarily a t  Isc and Voc. 
constant illumination of approxima,tely AM1 intensi ty  for 260 hours, 
The ce l l s  $hen were exposed to 
DurinfE; 
the 
( 55 
voc 
w a s  
The 
l igh t  t e s t s ,  t he  ce l l s  were i n  a i r  at ambient pressure and humidity 
t o  75 percent) and were held at  2 5 O  C 2 1’ C. They were held at  
except during the periqdic e lec t r iqa l  measuremerlCs when +he. load 
vpried momentarily from VE tm IQc t o  record the %-V characterist ic.  
l igh t  inkensLty was raised t c ,  the AM0 value whenever an X--V charac- 
t e r i s t i c  was  measured. 
from the I -V traces.  
of the I -V t race  at  I $c, 
cally. 
Values for  XSc, Voc , avd P were obtained d i rec t ly  M 
Values for the Rsrr were approximated from the slope 
Thermograms of’ each c e l l  were a160 mage periadi- 
After the constant illumina-kion period, t he  l igh t  sQurce was shut 
off and the  ce l l s  covered with black paper. 
were the same as during the  l,ight period, The c e l l s  pere kept i n  %he 
dark for 163 hours with only occasional interruptions f v  checking the 1-V 
characterist ic which required illuminating the  ce l l s  for  a f e w  minutes. 
The ce l l s  were then subjected to an additional 334 hours of constant 
i l lmina t ion  during which the procedures and conditiops were the Game 
as the  i n i t i a l  l igh t  period. 
period, dark I -V measurements were made for comparison with the pre-test, 
measurements. The ce l l s  were also sprayed w i t h  l iquid crystals  t o  define 
Otherwise, c e l l  eondjitions 
A t  the  completion of the  second ,light 
more precisely the temperature distribution on t h e  c e l l  surface. 
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EESULTS. AND DISCUSSION 
Unilluminated Tests 
The dark I-V character is t ics  of CdS solar c e l l s  were found t o  change 
when a farward current of 0.5 ampere t o  1.0 ampere was applied t o  un- 
illuminated ce l l s .  The voltage across the  ce l l s  was  1.0 vol t  t o  1.75 
volts .  
ce l l .  
F-e 2 shows the  i n i t i a l  and degraded I-V curves of ,a typical 
Within minutes a f t e r  the bias was applied, the  I-V characterist ic 
began a gradual t rans i t ion  toward the  ohmic s t a t e .  
shunt resistance decreased, such that at a fixed voltage, the current 
increased. 
path w a s  forming which w a s  shunting the  barr ier  layer. 
period, at leas t  one circular  or e l l i p t i c a l  hot spot appeared on $he 
c e l l  surface, These hot spots always coincided with a c e l l  gr id  wire. 
This gradual t rans i t ion  was followed by an intermediate stage i n  the 
degradation process i n  which the  I-V curve randomly fluctuated between 
an ohmic and a rectifying characterist ic.  Finally,  t he  c e l l  formed a 
stable ohmic curve and a single hot spot. The t o t a l  time for  the c e l l  
t o  degrade w a s  l e s s  than 15 seconds, but t h i s  varied from c e l l  t o  c e l l  
with some ce l l s  taking several minutes before degradation began. 
Thermograms taken before and a f t e r  degradation shaw the  result ing hot 
spot ( f ig .  3). 
Increasing the  forward bias t o  3 amperes did not effect  the ohmic I-V 
curve. The increase however did increase the  temperature and diameter 
of the  hot spot. 
tected for  some ce l l s  passing a current of about one ampere. 
Primarily, the dark 
This manner of change suggests tha t  a bias-induced shorting 
During t h i s  
The hot spots were usually located near the  c e l l  edges. 
Hot spot temperatures i n  exces$ of 100" C were deF 
When a reverse bias of about -1.0 ampere, r0.5 volt  was applied t o  
the  degraded c e l l ,  an abrupt recovery of rec t i f ica t ton  occurred wi%hia 
a few seconds ( f ig .  2). The 17V curve was improved, coqared  t c ?  the 
i n i t i a l  t race ,  i n  both the forward and reverse directions,  
recovery, similar t o  a switching phenoaewn, was accompeknied by the  
The rapid 
disappearance of the hot spot, 
momentarily increased in  temperature and then disQppegred. 
Jwt prior  t o  recovery, the h e  spot 
Usub tZ l ;~ ,  a 
small translucent bubble appeared under %he c e l l  cover p l a s t i c  where 
the hot spot had been lwa-ted. The degradation-recovery procesg was 
repeatable and w+s always accwpanied by the  formation of a hot spst 
a t  a new location, usually in  the v i c in i ty  of the  previous one, 
The photovoltaic I-V character is t ic  i s  shown i n  f i g w e  4 for a 
typical cell, before and a f t e r  unillumina-ted, f o q r d  biag degradatisn. 
The character is t ic  a f t e r  reverse bias recovery i s  also shown. 
i n  the degraded sta%e clear ly  shows the effects  of a low shunt resistaqce. 
There is a loss i n  maximum power and open c i rcu i t  volt&ge. 
gram ( f ig .  5 )  of the  open-circuit,ed c e l l  exposed to abovit 70 mw/cm 
i l lmina t ion  shows the hot spot i n  the same location as it appsared uqdeT 
The c e l l  
The thermo- 
2 
unil lminated forward bias. 
a lso caused an increase i n  hot spot temperature and diameter, These 
effects  are  consistent w i t h  the  idea that uni l lwinated forward bias 
degradation i s  a resu l t  of shorting path fQrmation. 
Ipcreasing the  intensi ty  of i l lmina t ion  
As  shown i n  figure 4, successive retraces (curves near b )  of a 
degraded c e l l  induces a s l igh t  recovery i n  t he  photovoltaic CQqracter- 
i s t i c ,  These retraces,  hawever, produced l i t t l e  or no imprwemq-rt i n  
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the  dark I-V curve. 
a more sensit ive indicator o f  recovery processes. 
unaffected by the  s l igh t  recovery. 
This suggests t ha t  t he  photovoltaic I-V t race  may be 
The hot spot appeared 
The dark and photwoltaic  characterist ics could be fully restored by 
also cutt ing out the  hot spot area. 
s torat ion of the  photovoltaic I - V  character is t ic  by t h i s  method. 
i n  I 
hot spot The same c e l l  was degraded several more times, always accompanied 
by the formation of hot spots. Excision of the  hot spot always recovered 
the  dark and photovoltaic characterist ics.  In general, the  a b i l i t y  t o  
restore a degraded c e l l  by excision of the hot spot indicates tha t  the 
degradation process occurs only in  a loca l  c e l l  region, usually near the 
c e l l  edge. 
Curve d in  figure 4 shows the re- 
The loss 
is accounted for  by the  loss i n  c e l l  area due t o  excision of the sc 
Illuminated Tests 
The effect  of constant illumination, open-circuit conditions on the 
photovoltaic I-V curve of CdS solar ce l l s  i s  shown i n  figure 6, 
the i n i t i a l  c e l l  output and curves b ,  e and d show the output af'ter 4, 9 
and 11 days, respectively. 
i s t i c  of a decrease i n  t h e  shunt resistance of the, ce l l .  Decreases i n  R 
Curve a shows 
This type of change i n  the  I -V curve i s  character- 
SH 
of 50 percent t o  95 percent were noted for the  four ce l l s  tes ted.  
i n  PM of 20 t o  50 percent and Voc of 5 t o  10 percent a lso occurred. 
the  degradation of the 1-V character is t ic ,  hot spots formed on the cel ls .  
The hot spots disappeared during t h e  measurement of the I-V curve. The 
disappearance of the  spots occurred between the  knee of t he  c w e  and short 
c i rcu i t  current. 
Reductions 
During 
When the  ce l l s  were returned t o  Vm, t he  hot spots reappeared. 
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These changes ( i . e . ,  the  decrease i n  R and the appearance of $H 
hot spots as a resu l t  of the  open c i r cu i t ,  illumirgcted t e s t  ) aye 
similar t o  t he  changes observed i n  the  unilluminated forward bias 
t e s t s .  
the  formation of localized shorting pa;ths across the  barrier.  
The loss of shunt resistqnce in  both cases is  probably due t o  
When 
the shorting paths a re  present and the  c e l l  i s  near open c i r cu i t ,  much 
of the  current f’rom the c e l l  passes through the  shorts,  produoing hot 
spots. As  t he  load resistance is  decreased from i n f in i ty  t a  zero i n  
measuring the  I - V  character is t ic ,  the  resistance of the Load a$ sow 
point becomes less  than the  resistance of the short. Then most of the  
c e l l  current passes through the  load @nd the hot spot disappears. 
The effect  of dark storage on a c e l l  degraded by the illwninated, 
open-circuit t e s t  is shown i n  figure 7. Curve a shaws the c e l l  output 
at  the  end of the  constant illumination t e s t .  Curves b and c show the  
artput a f t e r  3 and 6 days respectively of dark storage. Curve d shows 
the  i n i t i a l  ouCput pr ior  t o  degradation. As mentioned wder  the un- 
illuminated, forward bias t e s t s ,  the taking of an I -V  t race produces 
i n  i t s e l f  some recovery i n  the degraded ce l l s  ( f ig .  7b). Therefore, 
par t  of the  recovery during the  dark storage can be at t r ibuted t o  the 
I -V measurement used t o  monitor the ce l l .  
three of the four ce l l s  t es ted ,  were restored t o  within 95 percent of the  
i n i t i a l  values. 
t es ted  i n  an ea r l i e r  experiment, only recovered t o  82 percent of the 
i n i t i a l  PM. due t o  dark 
storage. 
The Isc, Vg(: and PM, of 
The remaining oe l l ,  which was the  c e l l  that had been 
The c e l l s  a lso shwed some recovery i n  R SH ’ 
The c e l l  represented i n  figures 6 and 7 had an i n i t i a l  RSH of 
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17 ohms which decreased t o  1 ohm during the t e s t .  Mlier: dark storage, 
the RsR w a s  12 ohms. 
sulted from the illuminated t e s t  were on;Ly part,$&Lly remwed due t o  the 
dark storage. 
sufficient to make the hot sp&s disappear. 
This 'indicates the& the shorting paths which re- 
&owever, the  increase i n  RSH from 1 o b  t o  12 ohms was 
Since the RsH was n9t recovered ent i re ly  by dark storgge, one might 
expect the c e l l  t o  decrease i n  output a% a fas te r  r&e when subjected 
to a second illuminatkd, open-circuit t e s t ,  
i n  the e l ec t r i ca l  performance as a fwc,t,ion of $ h e  for one of the ce l l s  
tested.  
P to decrease by 2'5 percent. 
of the i n i t i a l  value, it took only 68 hwrs fo r  the PM t o  decrease the 
same amowxt. 
Figure 8 shows the  changes 
During the first i l lw ina ted  period, it took 180 hQurs for the 
After recooyeriryj in the  dark t o  95 percent M 
Mthough the rate @t which the cel ls  degraded varied from 
c e l l  t o  c e l l ,  a l l  the ce l l s  degraded i n  less  %&me during the second 
illuminated, open-circuit than the fir&. The hat spots which 
appeared during the  f irst  t e s t  a lso reappeared i n  the same location 
during the second tes t .  
open c i rcu i t  t e s t s  therefore provides only Caqorary recovery of the  
Dark storage of ce l l s  degraded under illuminated 
e lec t r ica l  performance and indicq,-kions are . t ha t  upon continued tes t ing ,  
the ce l l s  w i l l  be easier 2;o degrade. 
In addition to the  degradation of %he photovoXtaic I-V characterist ic 
discussed above, change;; i n  the dark I-V characterist ic were also observed. 
Shawn i n  figure 9 are  the I-'v p lo ts  of one o$ t he  Cells tes ted,  Origi- 
nally a l l  of the c e l l s  had a "nomq,l" a r k  1-V t race such as curve a. 
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After the constant illumination t e s t s ,  two of the  four ce l l s  tes?ied had 
ohmic dark I - V  t races ,  such as cwve b. A t h i r d  c e l l  had become ,less 
rectifying. The remaining c e l l  was not measured, since it was damaged 
during removal from the t e s t  f ixture .  
SUMMARY OF €BSULTS 
Exposure of CdS solar ce l l s  t o  a forward bias of 0.5 t o  1,O ampere, 1, 
while unilluminated, resulted i n  the  following changes: 
a. The dark I -V  character is t ic  becwe ohrzlic and hot spQts appeared 
on the  c e l l  surface usually i n  less  than a minute, 
b. The photovoltaic I - V  charact e r i s t  ic  showed reduct ions in  shun% 
resistance,  maximum power, ana open-circuit voltage. 
Cells degraded by the unilluminated forward bias condi-t;ions were 
recovered by reverse biasing the  ce l l s  witth 1.0 ampere, 0.5 volt  
for a few minutes or by cutting out t he  deteriorated region 
indicated by the hot spot, 
C ,  
2. Exposure of CdS ce l l s  for  several hundred hours t o  air-mass-one, 
simulated sunlight while i n  a i r  a t  25" C and open-circuited resulted 
i n  the  fo l lming  changes : 
a, The shunt resistances of the ce l l s  decreased by 50 t o  95 percenk. 
b. The e l ec t r i ca l  output of the  c e l l s ,  measured under AM0 Light 
intensi ty ,  was reduced by 20 t o  50 percent i n  maximum power, 
5 t o  10 percent i n  open-circuit vOltage, and less than 5 peroen% 
i n  shofi-circuit  current. 
c. Small area hot spots appeared on the  ce l l s ,  
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I-V characterist ic became less  rectifying and i n  some 
cases became ohm9c, 
e. The losses i n  rnax power and open-circqit voltage were re- 
covered i n  three qf $he four qe l l s  teste8 by keeping the Cells 
the dark Tor about seven days. 
t i a l l y  recovered by dark storqge, 
the  hot spots diga;ppeared. 
illwninat5on while opene 
The shw$ resistance was only par- 
4,s $he celL output recovered, 
Retesting the  cells under constant 
iW caused the  hot spots to repgpear 
and the output t o  degrade i n  less time than was required in i t i a l ly .  
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Figure 1 - Solar C e l l  T e s t  A p p a r a t u s  and Infrared 
V i e w i n g  Device 
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Figure 2 - Dark I -V Characteristics of CdS Solar Cell 
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Figure 3 - Hot Spot Appearing on C e l l  Degraded by Forwwd $$as 
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Figure 4 - Photovoltaic I - V  Characteristic ~f 
CdS Solar Cell 
Figure 5 - Hot Spot & earing on Cell Illuminated 
at  70 m/cm 3 
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Figure 6 - Degradation of the I-V Characteristic 
During Constant Illumination Tests 
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Figure 7 - Recovery of the I-V Characteristic 
During Dark Storage 
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Figure 8 - Relative Output vs Time for CdS Eolar Cell Exposed t o  
Constant Illumination and Dark Storage While at 
Open-circuit 
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Figure 9 - Dark I-V Characteristics for CdS Solar Cell Before and After 
Constant Illumination, Open Circuit Load Test 
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